[image: image1]Long-Term Limitation Effects of Se(VI), Zn(II), and Ni(II) on Start-Up of the Anammox Process Using Gel Carrier

		ORIGINAL RESEARCH
published: 04 March 2022
doi: 10.3389/fbioe.2022.851617


[image: image2]
Long-Term Limitation Effects of Se(VI), Zn(II), and Ni(II) on Start-Up of the Anammox Process Using Gel Carrier
Kazuichi Isaka1*, Daichi Sugawara1, Hiroshi Yamazaki2, Yuya Kimura3, Toshifumi Osaka4,5 and Satoshi Tsuneda5
1Department of Applied Chemistry, Toyo University, Saitama, Japan
2Department of Civil and Environmental Engineering, Toyo University, Saitama, Japan
3Water and Environment Business Unit, Hitachi, Ltd., Tokyo, Japan
4Department of Microbiology and Immunology, Tokyo Women’s Medical University, Tokyo, Japan
5Department of Life Science and Medical Bioscience, Waseda University, Tokyo, Japan
Edited by:
Kenji Furukawa, Kumamoto University, Japan
Reviewed by:
Qaisar Mahmood, COMSATS University, Islamabad Campus, Pakistan
Kazunari Sei, Kitasato University, Japan
* Correspondence: Kazuichi Isaka, isaka@toyo.jp
Specialty section: This article was submitted to Bioprocess Engineering, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 10 January 2022
Accepted: 16 February 2022
Published: 04 March 2022
Citation: Isaka K, Sugawara D, Yamazaki H, Kimura Y, Osaka T and Tsuneda S (2022) Long-Term Limitation Effects of Se(VI), Zn(II), and Ni(II) on Start-Up of the Anammox Process Using Gel Carrier. Front. Bioeng. Biotechnol. 10:851617. doi: 10.3389/fbioe.2022.851617

Anaerobic ammonia oxidation (anammox) bacteria are inhibited by heavy metals at high concentrations but require trace amounts of some heavy-metal elements for growth and activity maintenance. The present study evaluates the long-term limitation effects of Se(VI), Zn(II), and Ni(II) on the start-up period of an anammox reactor. To strictly limit the levels of heavy metals in the reactor, all tests used ultrapure water as the influent synthetic wastewater and all reactors were installed in a clean booth. The anammox biomass was maintained through the gel entrapment technique. In the absence of Se(VI) and Ni(II), the anammox reactor start-up was 18.9 kg-N (m3-carrier d)−1 (nitrogen conversion rate (NCR) per gel carriers), indicating that Se(VI) and Ni(II) are not required or need not be continuously added to maintain the anammox process. Under Zn(II) limitation, the anammox process failed to start-up and the NCR tended to decrease rapidly. After readdition of 0.005 mg L−1 of Zn(II), the NCR did not decline further and instead partially recovered at a very slow rate. The NCR was completely recovered after adding 0.020 mg L−1 of Zn(II). These results reveal that Zn(II) limitation seriously affects the start-up of the anammox process while Se(VI) and Ni(II) are not required or need not be continuously added to the anammox process.
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INTRODUCTION
Anaerobic ammonium oxidation (anammox) is a novel biochemical reaction and anammox processes are currently employed in cost-effective wastewater treatments (Mulder et al., 1995; Strous et al., 1999; Strous et al., 2006; van der Star et al., 2007). The anammox process is mainly used in the digester supernatant treatment of municipal wastewater (van der Star et al., 2007; Lackner et al., 2014). Additionally, it is applied to treat industrial wastewaters such as semiconductor wastewater and ammonia-plant wastewater (Tokutomi et al., 2011; Isaka et al., 2017). The anammox bacteria require trace amounts of heavy metals for metabolism and growth. Such trace elements (TEs) mainly act as coenzymes and the cofactors of enzymes (Fermoso et al., 2009; Glass and Orphan, 2012). Anammox activity is reportedly increased by adding heavy metals. For instance, Zhang et al. (2019) reported that a long-term exposure to 1 mg L−1 of Fe(II) enhanced the anammox activity, and Sindhu et al. (2021) reported an increase in the nitrogen removal performance of a sequencing batch reactor (SBR) after adding 55.8 mg L−1 of Fe(II). The heavy-metal contents of industrial wastewater are expected to be insufficient for microorganism growth because factories use pure water in the production lines.
Conversely, high concentrations of heavy metals greatly reduce the anammox activity. Gutwínski et al. (2021) examined the long-term effect of heavy metals on the anammox process using an SBR and found that heavy-metal mixtures of Zn(II), Cu(II), and Ni(II) at high concentrations inhibited the anammox activity. They suggested that Zn(II) (0.8 mg L−1) was the main inhibitor. The half maximal inhibitory concentration (IC50) of Ni(II) was determined as 14.6 mg L−1 in a short-term batch test (Xu et al., 2017).
These results confirm that although some types of heavy metals are essential for the growth of anammox bacteria, they inhibit the anammox activity at high concentrations. Therefore, to maintain a stable anammox process, a detailed investigation is required regarding the types of heavy metals essential for anammox bacteria growth and the metals’ minimum concentrations (van de Star et al., 2007). suggested nine heavy metals—Fe(II), Zn(II), Mn(II), Cu(II), Ni(II), Mo(VI), Co(II), B(III), and Se(VI)—that are essential for cultivating anammox bacteria. Stable cultivation in the presence of these nine heavy metals has been fundamental to the development of current anammox research. However, the necessity of these elements for the growth of anammox bacteria and stable nitrogen removal performance has not been reported. If the essential TEs are insufficiently provided in the wastewater, they should be added as chemicals. Clarifying which TEs are actually required would generalize the anammox process to various types of industrial wastewater treatments. Furthermore, understanding the impact of each heavy metal on the nitrogen removal performance is extremely important for understanding the metabolism related to the anammox reaction. The necessity of Se(VI) in the anammox process is especially relevant, as selenium is highly toxic and its usage is strictly restricted. In addition, the necessity of Ni(II) and Zn (II) for the anammox process should be investigated because the inhibitory effect of high concentrations of Ni(II) and Zn(II) on anammox bacteria has been reported.
Therefore, herein, we investigated the limiting effects of Se(VI), Zn(II), and Ni(II) on the start-up of the anammox process. When assessing the need for TEs in anammox reactions, several technical challenges must be overcome. As heavy metals are accumulated in the anammox cells during precultivation, it is difficult to determine their requirement in short-term tests such as batch tests. Meanwhile, long-term tests require a continuous supply of a nitrogen medium, risking the washout of anammox biomass from the test reactor. To resolve these issues, we conducted continuous feeding tests and immobilized the cells in a polyethylene glycol (PEG) gel carrier (Isaka et al., 2007). Although several types of reactors for anammox processes have been reported, including the SBR, up-flow anaerobic sludge blanket (UASB), and moving-bed bioreactor (MBBR) (Strous et al., 1998; Strous et al., 1999; Sliekers et al., 2003; Furukawa et al., 2006; Dimitrova et al., 2020; Li et al., 2021; Peng et al., 2022). The gel entrapment technique was used to prevent the washout of anammox biomass from the reactor (Isaka et al., 2007). Moreover, ultrapure water was used for all wastewater tests to avoid contamination by heavy metals and all test systems were installed in a clean booth equipped with a fan filter unit (FFU). The limiting effects of Se(VI), Zn(II), and Ni(II) on the start-up of the anammox process were evaluated individually. To our knowledge, this is the first study to report that Zn(II) limitation seriously affects the start-up of the anammox process while Se(VI) and Ni(II) do not.
MATERIALS AND METHODS
Seed Sludge
For the immobilization of anammox gel carriers, the anammox bacteria in the seed sludge were enriched from sewage sludge and grown in a 50-L fixed-bed reactor filled with porous polyester nonwoven fabric carriers at 35°C (Fujii et al., 2002). The reactor was continuously fed with synthetic wastewater at an approximately constant loading rate of 0.8 kg-N (m3d)−1. The synthetic wastewater was prepared using tap water and all heavy metals except Se(VI) were added at the levels reported in a previous study (van de Star et al., 2007).
Gel Carrier
The anammox sludge was entrapped in a PEG gel carrier as described by Isaka et al. (2007). The polymerized gel carrier was cut into 3-mm-sided cubes. The gel carrier contained 10% (w/v) PEG prepolymer, 0.5% (w/v) N,N,N′,N′-tetramethylethylenediamine (as promoter), 0.25% (w/v) potassium persulfate (as initiator), and 1.0% (w/v) anammox bacteria-enriched sludge. To distribute gel carriers with the same activity to each system, all gel carriers were precultured in a large reactor until a moderate anammox activity (∼4 kg-N (m3-carrier d)−1) was obtained.
Synthetic Wastewater
The basic synthetic wastewater for the continuous feeding tests contained the following compounds: (NH4)2SO4 (169 mg-N L−1), NaNO2 (210 mg-N L−1), NaHCO3 (500 mg L−1), MgSO4·7H2O (300 mg L−1), CaCl2·2H2O (180 mg L−1), and KH2PO4 (27.2 mg L−1). The concentrations of ammonium and nitrite were changed during the start-up of the reactor to avoid nitrite inhibition. The basic TE solution contained ethylenediaminetatraacetic acid (10.6 mg L−1), MnCl2·4H2O (0.99 mg L−1), ZnSO4·7H2O (0.43 mg L−1), FeSO4·7H2O (5 mg L−1), CuSO4·5H2O (0.25 mg L−1), NiCl2·6H2O (0.19 mg L−1), Na2MoO4·2H2O (0.22 mg L−1), CoCl2·6H2O (0.24 mg L−1), and H3BO3 (0.014 mg L−1) (van der Star et al., 2007). As Se(VI) is toxic and the anammox activity is unaffected by the long-term absence of Se(VI) in the seed-sludge cultivation (data not shown), Se(VI) was excluded from this experiment. Table 1 shows the TE concentrations used in each test. Continuous tests were conducted in three separate reactors: Run1 (Se limitation), Run2 (Zn limitation), and Run3 (Ni limitation).
TABLE 1 | Heavy-metal concentrations in the limitation tests.
[image: Table 1]To control the concentration of each heavy metals, synthetic wastewater and the TE solutions were prepared using ultrapure water (FP-0120α-M00, ORGANO). As dissolved oxygen (DO) exerts an inhibitory effect on anammox activity, the DO concentration of the synthetic medium was reduced to ≤0.5 mg L−1 by sparging with N2 gas.
Reactor and Experimental Conditions
Continuous feeding tests were performed in 500-ml cylindrical reactors (Figure 1) packed with 50 ml of gel carrier (packing ratio = 10%). The influence of each heavy metal was evaluated in an independent test reactor. Each reactor was enclosed in a water jacket that maintained its temperature at 35°C. The gel carriers were agitated continuously by a stirrer. The pH in the reactor was monitored and adjusted to 7.6 using 0.2-M hydrochloric acid. N2 gas was continuously injected into the head-space of the reactor to avoid oxygen contamination and maintain anaerobic conditions inside the reactor. All reactors were installed inside a clean booth with an FFU containing a highly efficient air-particle filter (PS01-AD, As one, Tokyo). This setup avoided heavy-metal contamination of the reactors and protected the effluent samples from airborne dust. The carrier was precultured in a large reactor to confirm the anammox activity of the gel carriers. The shape of the precultivation reactor was identical to that of the continuous feeding reactor, as shown in Figure 1, but the precultivation reactor had larger volume (3.0 L). After confirming sufficient anammox activity (a nitrogen conversion rate (NCR) per gel volume of 4 kg-N (m3-carrier d)−1), the carriers were dispensed into the 0.5-L test reactors (Figure 1) for conducting the heavy-metal limitation tests. The heavy-metal limitation test was initiated several days after start-up, allowing sufficient increase in the anammox activity. The hydraulic retention time (HRT) was set from 4.4 to 8.3 h (depending on the increase in anammox activity) to prevent the accumulation of high concentrations of nitrite.
[image: Figure 1]FIGURE 1 | Schematic of the continuous feeding reactor used in the trace-element limitation test. The reactor was set in a clean booth equipped with a fan filter unit.
Chemical Analysis
Immediately after sampling, the influent and effluent samples were passed through a disposable membrane filter unit using a 0.45-μm filter (DISMIC, ADVANTEC, Tokyo, Japan). The nitrite and nitrate concentrations were determined using ion chromatography (ICS-1000, Thermo Fisher Scientific, United States) based on the Japanese Industrial Standards (JIS) K 0127 standard (Jis 2017). The ammonium level was measured using the coulometric titration method (AT-2000, Central Kagaku Corp, Japan). Heavy-metal concentrations were measured via inductively coupled plasma mass spectrometry (ICP–MS) (iCAP Q, Thermo Fisher Scientific, United States) based on the JIS K 0133 standard (Jis 2007).
Characterization of the Microbial Communities
For DNA extraction from the anammox cells, approximately 100 mg of the gel carrier was homogenized in microtubes. The total DNA was extracted using the ISOPLANT kit (Nippon Gene Inc., Toyama, Japan). The V7–V8 hypervariable regions of the 16S rRNA gene were amplified using 1055F/1392R primers (Ferris et al., 1996) and Ion Xpress Barcode Adaptor sequences. The amplicon samples obtained through the polymerase chain reaction were purified on E-Gel SizeSelect II agarose gels (Thermo Fisher Scientific, Waltham, MA, United States). Following the manufacturer’s instructions, a template sample was prepared using the Ion OneTouch 2 system (Thermo Fisher Scientific, Waltham, MA, United States) and an Ion PGM Hi-Q View OT2 kit (Thermo Fisher Scientific, Waltham, MA, United States). Sequencing was performed on an Ion Torrent PGM system (Thermo Fisher Scientific) using an Ion PGM Hi-Q View sequencing kit and an Ion 318 Chip kit v2 BC (Thermo Fisher Scientific). The readings of the sequencing were trimmed to remove the adaptor and barcode sequences. High-quality filtering was performed on a CLC genomics workbench (Qiagen, Aarhus, Germany), setting a minimum quality score of 0.05 and a sequencing length of 300–400 bp. The obtained sequence data were processed using QIIME 1.7.0 (Caporaso et al., 2010).
RESULTS
Start-up of anammox reactor under Se(VI) limitation (Run 1)
Figure 2 shows the nitrogen removal performance of the anammox reactor in the Se(VI)-limitation experiment (Run 1). Panel (A) of this figure presents the time courses of the nitrogen and ammonium concentrations in the influent and effluent. The influent ammonium and nitrite concentrations increased in the first 7 days, but effluent both concentrations remained lower than 50 mg-N L−1. The concentration of effluent nitrate produced by the anammox reaction increased with an increase in influent nitrogen concentration. The nitrogen removal performance was stable even after decreasing the HRT to 6.0 and 4.4 h on days 10 and 14, respectively. Figure 2B shows the time courses of the nitrogen loading rate (NLR) and NCR per volume of gel carriers. The NCR rapidly increased with increasing NLR and reached 18.9 kg-N (m3-carrier d)−1 on day 21. The average NLR and NCR were 21.1 and 19.2 kg-N (m3-carrier d)−1, respectively. The influent and effluent Se(VI) concentrations are also plotted in Figure 2B. Clearly, the influent Se(VI) concentration remained lower than 0.001 mg L−1 during the Se(VI)-limitation test.
[image: Figure 2]FIGURE 2 | Start-up of the anammox reactor packed with polyethylene glycol gel carrier in the Se(VI)-limitation experiment. (A) Time courses of influent ammonium (open circles), influent nitrite (open squares), effluent ammonium (filled circles), effluent nitrite (filled squares), and effluent nitrate (filled triangles). The bar graph shows the hydraulic retention time on each day. (B) Time courses of nitrogen loading (open diamonds) and nitrogen conversion rate (filled diamonds).
Selenium is known as an essential TE for humans but is strictly regulated in Japan because it a toxic substrate. In our laboratory, seed anammox sludge has been cultivated for several years in the absence of influent Se(VI) with no effect on the anammox activity (data not shown). Therefore, we concluded that Se(VI) is not required for the anammox process and the subsequent heavy-metal limitation tests were conducted without Se(VI).
Effect of Zn(II) Limitation (Run 2)
Figure 3 shows the effect of Zn(II) limitation on the nitrogen removal performance of the anammox reactor. Zn(II) was removed from the influent on day 4, but the anammox activity was not lost immediately (Figure 3A). The NCR increased to 17.2 kg-N (m3-carrier d)−1 on day 18 (Figure 3B) and gradually decreased to 13.8 kg-N (m3-carrier d)−1 by day 35. These results indicated that the anammox process was strongly affected by Zn(II) limitation. During the Zn(II)-limitation test, the influent Zn concentration was maintained below 0.001 mg L−1 (Figure 3B).
[image: Figure 3]FIGURE 3 | Effect of Zn(II) concentration on the nitrogen removal performance of the anammox reactor. (A) Time courses (in days) of influent ammonium (open circles), influent nitrite (open squares), effluent ammonium (filled circles), effluent nitrite (filled squares), and effluent nitrate (filled triangles). The bar graph shows the hydraulic retention time on each day. (B) Time courses of nitrogen loading (open diamonds) and nitrogen conversion rate (filled diamonds). The bar graph shows the set value of the influent Zn(II) on each day. The open and closed circles indicate the influent and effluent Zn concentrations, respectively.
It has been reported that nitrite inhibits anammox bacteria. Thus, an increase in the effluent nitrite concentration to 64 mg-N L−1 (on day 35) by Zn limitation could inhibit the anammox activity. Therefore, the addition of Zn (II) was re-started on day 35 at a concentration of 0.005 mg L−1. Consequently, the NCR ceased decreasing and started increasing at a slow rate. However, the anammox activity was not completely recovered after ∼50 days of operation. After increasing the influent Zn(II) concentration to 0.020 mg L−1, the recovery rate of the NCR quickly increased and reached 21.2 kg-N (m3-carrier d)−1 on day 101.
Preliminarily to Run2, a similar Zn(II)-limitation test was performed without the ICP–MS measurements. The NCR reached 19.5 kg-N (m3-carrier d)−1 on day 21, but both the nitrite and ammonium concentrations in the effluent slowly increased, indicating that Zn(II) limitation deactivated the anammox bacteria (Supplementary Figure S1). Similarly, it was confirmed that the anammox activity ceased declining after adding 0.005 mg L−1 of Zn(II) and was recovered by adding 0.020 mg L−1 of Zn(II).
These results confirm that Zn(II) is required for maintaining anammox activity. More specifically, Zn(II) must be supplied at a concentration of 0.005 mg L−1 to maintain the anammox activity and at 0.020 mg L−1 to recover the anammox activity after deactivation by Zn(II) limitation. The recovery level of Zn(II) (0.020 mg L−1) is approximately one-fifth of that reported in a previous study (0.098 mg L−1; (van der Star et al., 2007).
Effect of Ni(II) Limitation (Run3)
The effect of Ni(II) limitation on the anammox activity was evaluated in a continuous feeding test. The nitrogen removal performance remained stable for more than 2 months under the Ni(II)-limited environment (Figure 4A). The NCR reached 19.0 kg-N (m3-carrier d)−1 on day 21 and averaged as 19.4 kg-N (m3-carrier d)−1 thereafter (Figure 4B). The activity was not noticeably changed from that of Run1 with Ni(II) addition. Both the influent and effluent Ni concentrations remained lower than 0.001 mg L−1, revealing that Ni(II) was strictly limited throughout this continuous feeding test. From these results, it was inferred that Ni(II) is not required or need not be continuously added to the anammox process.
[image: Figure 4]FIGURE 4 | Effect of Ni(II)-limitation on the start-up of the anammox reactor packed with gel carrier. (A) Time courses of influent ammonium (open circles), influent nitrite (open squares), effluent ammonium (filled circles), effluent nitrite (filled squares), and effluent nitrate (filled triangles). The bar graph shows the hydraulic retention time on each day. (B) Time courses of nitrogen loading (open diamonds) and nitrogen conversion rate (filled diamonds). The open and closed circles indicate the influent and effluent Ni concentrations, respectively.
Effect of Zn(II) Limitation on the Microbial Community
The microbial community in gel carriers was analyzed via 16S rRNA gene amplicon sequencing (Figure 5). Figure 5 shows the dominance of anammox bacteria affiliated within the order Brocadiales in gel carriers cultivated under the Se(VI)- or Zn(II)-limitation condition (Run 1, 55.3%; Run 2, 46.4%). More than 90% of the anammox bacteria in each reactor had 100% similarity with Candidatus Kuenenia stuttgartiensis. Moreover, in Run 2, the readdition of Zn(II) promoted a slight increase in the anammox bacterial population from 46.4 to 54.5%.
[image: Figure 5]FIGURE 5 | Bacterial community structure in the gel carriers based on a meta 16S rRNA gene sequencing analysis. Results were obtained after cultivating without Zn(II) limitation (Run 1), after Zn(II) limitation (Run 2), and after adding 0.020 mg L−1 of Zn(II) to the Zn(II)-limited culture.
DISCUSSION
Heavy metals are essential TEs for anammox bacteria but are known to inhibit the anammox activity at high concentrations. Therefore, understanding the upper and lower-limit concentrations of each heavy metal required by anammox bacteria is essential for stable operation of the anammox process.
Zhang et al. (2019) reported that a long-term exposure to 1 mg L−1 of Zn(II) inhibits the anammox activity. The anammox process is also rapidly inhibited by a mixture of Zn(II), Cu(II), and Ni(II) added at the concentrations of 0.8, 0.07, and 0.04 mg L−1, respectively, and probably, the main inhibitor was 0.8 mg L−1 of Zn(II) (Gutwínski et al., 2021). In our previous work, inhibitory effects of Zn(II) and Ni(II) were observed on the continuous feeding test at the concentrations of 10 and 5 mg L−1, respectively (Kimura and Isaka, 2014). The IC50 of Ni(II) was determined as 14.6 mg L−1 in a short-term batch test (Wu et al., 2019). These results suggest that the Zn(II) and Ni(II) concentrations above the level of 1–15 mg L−1 may affect the anammox activity. Accordingly, the Zn(II) and Ni(II) concentrations should be controlled to be below this inhibition level.
To our knowledge, the heavy-metal concentrations below which anammox metabolism is compromised have not been reported. Of course, the elements that are nonessential for bacterial growth have no effect on anammox activity and their lower limits do not need to be determined. Tests with additive heavy-metal concentrations of 0 mg L−1 have been reported but the actual concentrations or quantitative lower limits of heavy metals are unknown. When the synthetic wastewater is tap water or groundwater, heavy metals may be present in the water.
The novelty of this study is that the heavy metals required to maintain the anammox activity were evaluated by limiting each heavy metal in long-term tests. To avoid contamination by heavy metals, ultrapure water was used as the synthetic wastewater and all test systems were installed in a clean booth equipped with an FFU. An ICP–MS analysis confirmed that contamination by limiting elements was minimized in the present study, with levels below 0.001 mg L−1. The start-up of the anammox reactor did not require Se(VI) and Ni(II) but required Zn(II) at levels of ≥0.005 mg L−1, preferably at 0.020 mg L−1. The Zn(II) concentration can be reduced to approximately one-fifth of that of the previously proposed value (van der Star et al., 2007). Meanwhile, Se(VI) and Ni can be omitted from the anammox process or supplied intermittently rather than continuously. As Se(VI) is toxic and its handling is restricted in Japan, its omission from the cultivation of anammox bacteria is important for the management of toxic substances and the safety of researchers.
In this study, the concentration of each heavy metal remained below 0.001 mg L−1 but was never completely zero. Heavy-metal concentration can remain at the pg L−1 level. Therefore, it cannot be ruled out that the anammox activity was maintained by very low levels (<0.001 mg L−1) of heavy metals. In the Zn (II)-limitation tests, anammox activity was retained at 0.005–0.020 mg L−1, suggesting that heavy metals at a concentration of 0.005 mg L−1 are available in the major enzymes of anammox bacteria. The appropriate concentrations of other elements in anammox reactors should be investigated in the future.
Anammox processes have mainly been introduced to municipal wastewater treatment, in which the shortage of TEs is not problematic because the TE levels are sufficient (Lackner et al., 2014). However, anammox processes are also expected to be applied in industrial wastewater treatment (Tokutomi et al., 2011; Isaka et al., 2017). In industrial wastewaters such as semiconductor and ammonia-plant wastewaters, the levels of heavy metals are insufficient to support anammox activity owing to the use of pure water in the production lines. In this case, heavy metals must be added to the wastewater as chemicals for the biological nitrogen removal process. Minimizing the levels of these elements would considerably reduce the operational cost (i.e., the cost of chemicals). In addition, as the wastewater is ultimately released into the environment, minimizing the amounts of heavy metals is preferred from an environmental-protection viewpoint. For these purposes, clarifying the necessity of adding Se(VI), Zn(II), and Ni(II) and determining the lower-limit concentration of Zn(II) are essential.
To understand the necessity for heavy metals, we must focus on the metal-based enzymes involved in the anammox reaction. Hydrazine synthase (HZS) is a specific enzyme involved in N2H4 production from NO and NH4+ in the anammox reaction. As HZS contains Zn (Dietl et al., 2015), we conclude that Zn(II) is essential for the anammox reaction.
Meta 16S rRNA gene sequencing revealed the predominance of Candidatus Kuenenia stuttgartiensis and the stability of bacterial community structure in gel carriers under limited concentration of TE. Although a decrease in anammox activity was observed under Zn-limitation condition, anammox activity was restored by the addition of Zn(II). This finding coincided with the slight increase in the relative abundance of anammox bacteria by the addition of Zn(II). Further, (Li et al., 2018). reported that Zn(II) increased the activities of anammox bacteria and the total population of the sludge in an anammox system in an SBR. These results suggest that the change in the anammox activity owing to the limited concentration of TEs may be caused by the change in the number of anammox bacteria. However, the possibility of the change in the cellular activity of anammox bacteria by varying Zn(II) concentrations should be considered. Thus, in the future studies, the effect of TEs on the biological activity of anammox bacteria should be evaluated at the molecular level.
In this study, we investigated whether heavy metals are required as TEs in the anammox process using gel carriers. The gel entrapment system effectively maintains the anammox biomass in the reactor, but the need for TEs on the anammox processes is not conclusive for two reasons. First, the sensitivities of different types of anammox processes must be considered. As the cells were maintained inside the gel carriers, the anammox biomass was less likely to outflow than in other anammox processes and the heavy-metal limitation effect was possibly suppressed. In the future work, similar studies should be conducted in treatment systems using other anammox processes. Second, we should consider the need for TEs in the nitritation process, an important pretreatment process of the anammox process. Some heavy metals that are not required in the anammox process may be required in the nitritation process.
(Van der Star et al., 2007) proposed nine heavy metals, namely, Fe(II), Zn(II), Mn(II), Cu(II), Ni(II), Mo(VI), Co(II), B(Ⅲ), and Se(VI), that ensure stable cultivation of anammox bacteria. Their study has been pivotal in the development of current anammox research. In the present study, we reported only the limitation effects of Se(VI), Zn(II), and Ni(II). The remaining six elements are under investigation, and the results will be reported once the testing is completed.
CONCLUSION
Heavy metals inhibit anammox activity at high concentrations but are required in trace amounts for anammox activity, which are not always provided in wastewater treatments. In the present study, the TEs required to start-up and maintain the anammox process in gel carriers were evaluated in a continuous feeding test. The long-term limiting effects of heavy metals present at levels below 0.001 mg L−1 were evaluated. In the absence of Se(VI) and Ni(II), the anammox process was started-up without inhibition and the nitrogen removal performance remained stable for more than 2 months. Therefore, Se(VI) and Ni(II) are considered unnecessary for the anammox process; at least, their continuous supply is unnecessary.
By contrast, Zn(II) was required for start-up of the anammox reactor. The nitrogen removal performance was insufficient in the Zn(II)-limited reactor and the anammox activity gradually reduced. In the present system, Zn(II) must be supplied at a concentration of 0.005 mg L−1 to maintain anammox activity and at 0.020 mg L−1 to recover the anammox activity after deactivation by Zn(II) limitation. Consistent with these findings, Zn(II) is a component of the HZS enzyme that catalyzes N2H4 production from NO and NH4+. The Zn(II) concentration required for sustained anammox activity was approximately one-fifth of that proposed in a previous study.
The anammox reaction is expected in future treatments of industrial wastewater. When the Zn(II) concentration in wastewater is insufficient, stable nitrogen removal performance can be obtained by adding Zn(II) at a preferable concentration to the anammox reactor.
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